Oxy-nitriding is a widely used industrial process aiming to improve the tribological properties and performance of components. Previous studies have shown the effectiveness of the treatment with friction and wear performance, but very few have focussed on optimising this behaviour. The lubrication properties of several EP and AW additives were examined to investigate their effectiveness in improving the tribological properties of the layers formed after treatment. Previous studies showed the presence of an oxide layer on the sample could improve the effectiveness of the sulphurised olefin (SO) and tricresyl phosphate (TCP) additives. The friction and wear behaviour of oxy-nitrided samples were analysed using a tribometer and surface profiler. Scanning electron microscope, energy-dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy were employed to identify the morphologies and chemical compositions of the treated surface before and after testing. No real effect on friction was observed when using the SO or TCP additives, mostly due to lack of interaction with the less reactive iron nitride layer and their roles as anti-wear additives. However, when the zinc dialkyldithiophosphatecontaining lubricant was used, a higher friction coefficient was observed. Greater improvements in anti-wear properties with the presence of additives in comparison with only using base oil were reported, with the TCP additive producing the lowest wear rates. The study effectively demonstrated that the additive package type used could impact the tribological and tribochemical properties of oxy-nitrided surfaces.
Introduction
Hydraulic motors/pumps are key components within hydraulic systems, but they are hindered by their inefficiency which in some cases can be up to 15% [1] . High friction between interacting components can cause excessive wear and may also initiate seizure and complete failure of the motor/pump [2] . Tribology has a great influence in energy and material loss within the system, and through the reduction in friction and wear, the lifetime of components can be significantly increased [3] .
Friction and wear performance are influenced by a number of factors such as lubricant additives and surface modification, which can individually improve tribological properties or through a synergistic effect between the two factors. To achieve optimal tribological performance between friction pairs, it is crucial to understand the mechanisms of any synergistic interactions between modified surfaces and lubricant additives [4] .
Nitriding is recognised as an effective surface treatment technique for improving tribological and anti-corrosion properties alongside increasing the hardness of the material. This makes it ideal in machine parts, where the combination of a hard nitride layer and a lubricating film can effectively improve friction and wear behaviour [4] .
The nitride treatment leads to the formation of two distinctive zones-compound and diffusion layers. The compound layer is commonly referred to as the white layer [5] . The layer can be composed of iron nitrides either as a single layer of γ′-Fe 4 N or ε-Fe 2−3 N or as a mixed-phase compound layer composed of both types of nitrides. γ-Phases are seen to dominate the compound zone after nitriding, whereas 43 Page 2 of 14 ε-phases are almost solely seen after nitrocarburising due to the greater influence of the presence of carbon [5] [6] [7] [8] .
The formation of ε-carbonitride phases are preferred over γ′-Fe 4 N as they are more ductile and provide higher hardness and wear resistance compared to untreated base metal. The ε layer composed from nitrocarburising contains porosity caused by the association of dissolved nitrogen as gas molecules ( N 2 ) at grain boundaries and within grains. At the surface-adjacent part of the layer, porosity is most distinguishable due to this layer having the largest dissolved nitrogen content [9, 10] .
The diffusion layer lies beneath the compound layer, due to the decrease in nitrogen content from the edge to the core of treated components. Iron nitrides are not formed in this zone. With unalloyed steels, the crystalline phases produced in the diffusion layer are influenced by the cooling rate after treatment. At a faster cooling rate, e.g., using water, a higher hardness is achieved in the zone compared to slow cooling which allows greater ductility [5] .
With alloyed steels, the diffusion zone is mostly composed of solid solution (α-Fe, N), and due to alloying elements, nitrides and carbonitrides such as γ′-Fe 4 N and ζ-Fe 2 N are formed in the diffusion layer due to precipitation [8, 10] . This is due to the diffused nitrogen interacting alloying elements such as chromium and vanadium. The nitrides created such as chromium nitrides are shown to exhibit very high hardness values and also influence the depth of the diffusion zone [7] .
There has been little research carried out on the tribochemical interactions between nitrided steel surfaces and variants of extreme pressure and anti-wear additives.
The lubrication behaviour of an additive is influenced by the properties of the interacting surfaces, the environmental atmosphere and the properties of the additive itself. Zinc dialkyldithiophosphate (ZDDP) is one of the most successful and effective anti-wear and extreme pressure additives commonly applied to hydraulic fluids. The formation of a glassy sacrificial phosphate film due to interacting contacts helps determine the effectiveness of the wear reduction though preventing adhesion between surfaces. The interaction of ZDDP with solid surfaces can lead to the formation of different compounds such as iron sulphide or zinc/iron phosphate which could further impact the wear and friction behaviour of the tribofilm. On steel samples, the tribofilms can grow to a thickness > 100 nm and have an uneven pad-like structure [4, 11, 12] .
Alternative extreme pressure and anti-wear additives include sulphurised olefin (SO) and tricresyl phosphate (TCP), respectively, both widely used in industry. The effectiveness of SO and TCP additives is due to the reaction with iron to form FeS and FePO 4 , respectively, within the tribofilm [4] . Khorramian et al. [13] states that phosphorous-containing oils are effective anti-wear additives under moderate friction conditions, whereas sulphur-containing compounds mitigate the process of scuffing under severe operating conditions. This research focuses on investigating and understanding the impact of additives in extending the life of friction pairs within hydraulic systems. This study uses base oil (BO) and three effective EP and AW additives to investigate and compare the tribological response of the oxy-nitrided samples, alongside analysing the tribochemical interactions using SEM-EDX and XPS. This study investigates the impact of various single-or multiple-element-containing lubricant additive packages on the tribological properties of the QPQ samples. The characteristics of the nitride layer and its influence on tribochemical interactions are analysed.
Experimental Methodologies

Materials and Lubricants
The material used for this investigation is alloyed nitriding steel, generally used for components subjected to high friction and wear. The pin-shaped samples (sliding r = 20 mm × h = 20 mm) had a hardness of ~ 300 HV 1 prior to treatment (Fig. 1a) . A 20 mm sliding radius for the pins was used to allow the application of contact pressures up to 2 GPa. To carry out the oxy-nitriding heat (QPQ) treatment on the pin samples, it involved using a cyanide/cyanate bath at 400-600 °C to form a nitride layer (15 µm), followed by using a specialised nitrate-nitrite cooling salt bath to form an oxide layer (0.5 µm) on top, which acts as a protective running-in coating (Fig. 2) . Due to the formation of carbonate during the process, both nitrogen and carbon diffuse into the surface; hence, this process is recognised as nitrocarburising. Another variant of the nitriding process was applied to the counterface plate samples. The 7 mm × 7 mm × 3 mm plates (Fig. 1b) were made from cast iron (spheroidal graphite) which were then gas nitrided (R a = 0.6 µm). The treatment applied to the plates was not varied. The coupling of steel pins to cast iron plates represents friction pair components within a hydraulic motor. The microstructure of the treated pin sample through its cross section has been examined using scanning electron microscopy (SEM). The phases formed after the samples had been treated were characterised by a Siemens Bruker X-ray diffractometer using Cu radiation. Microhardness measurements have been carried out with Vickers microhardness tester using a load of 9.81 N (1 kg) on the treated pin samples. The results are presented in Fig. 3 , highlighting the differences in hardness of the pins before and after the QPQ treatment was employed. The Taylor Hobson Form Talysurf was employed to measure the surface roughness of the samples. Table 1 highlights the lubricants used within this study. The base oil (BO) used was a group I mineral oil with a viscosity of 5.2 cSt at 80 °C. Lubricant two was a fully formulated oil composed of the EP additive-ZDDP and dispersants and detergents. Lubricants three and four were mixtures of BO and SO or TCP additive, respectively. The concentrations used matched those used in previous studies and helped to compare any similarities observed when using the additives with oxy-nitrided samples.
Tribometer Tests
Using a Cameron Plint TE77 reciprocating tribometer with a pin-on-plate configuration to represent the sliding conditions of interacting components, the friction and wear behaviour of the treated samples could be investigated. In operation, the pins were the nitriding steel samples, the plates were composed from graphite cast iron, and the treatments applied to both sets of samples are described above. The testing conditions are given in Table 2 and were derived from those used to mimic the operational conditions of a hydraulic motor. The TE77 using a force transducer and program produces a data file of the friction force every 300 s for a duration of 2 h. Each data file is composed of 1000 measurements taken every 0.3 s. The friction coefficient results were calculated when the system has reached steady state and were based on the last 30-min steady friction data. The lubricant was heated to 80 °C using heating elements attached to the bath in which the samples were clamped down and flooded in lubricant.
The tests are carried out under the boundary lubrication regime which was defined by calculating the lambda ratio:
where h min . is the minimum film thickness determined using the Dowson/Hamrock equation and R q1 and R q2 are the roughness of the interacting surfaces. For the lubrication regime to be within boundary condition; λ < 1.
After testing the samples, they were washed in heptane to remove excess oil and contaminants. All tests were repeated to achieve a good repeatability for the friction and wear behaviour.
Morphology and Topography Analysis
Wear measurements of the diameter and depths were carried out using a Leica optical microscope and a Taylor Hobson Talysurf profilometer.
Tribofilm Chemical Properties
Post-experimental surface analysis included carrying out X-ray photoelectron spectroscopy (XPS) on the worn surfaces of the pin samples to identify the chemical species present in the tribofilms. A monochromatised Al Kα X-ray source was used to carry out high-resolution scans
for specific peaks. The beam was focused in the centre of the wear scar in an area of 200 µm × 200 µm. The tribofilm was also etched, and the charging effects in the results were corrected by fixing the C1s peak (adventitious carbon) at 284.8 eV. Casa XPS software applies a Shirley algorithm to construct a background, through a curve fining procedure, which is applied to the peaks identified. To accurately determine the chemical species present, the peak areas and full width at half maximum (FWHM) were constrained. Figure 4 shows the SEM image of a cross section of the QPQ-treated pin sample. The QPQ samples three distinctive layers are detected. On the very top surface, a very thin black oxide layer of ~ 0.5 µm thickness is present. Underneath this layer is a 13-µm-thick compound layer of a porous constitution. The final visible layer was a diffusion zone of approximately 250 µm thickness. X-ray diffraction (XRD) scans (Fig. 5) across the QPQ pin sample showed that the oxide layer was primarily composed of Fe 3 O 4 , , whereas the compound layer was predominantly composed of ε-Fe 2−3 N . with traces of γ′-Fe 4 N. Figure 6 highlights the typical change in behaviour over time observed with the four lubricants during the complete duration of the test using the QPQ pin sample. With the base oil, a steady rise in friction is observed after a runningin period lower than that observed with using the ZDDPcontaining lubricant. However, a higher friction response is observed in the final 30 min of testing in comparison with when using the alternative lubricants. With the TCP additive, steady-state friction was maintained after an initial running-in period. When using the SO-containing lubricant, a low friction response is recorded after running-in with an increase in friction being observed towards the end of the test period. During the final 30 min, the friction coefficient closely resembled that observed with the TCP additive.
Results
Surface Characterisation
Friction Evaluation
The average friction coefficients for the QPQ samples in the stable stage (last 30 min of the test) with plain base oil and with it mixed with different EP additives are shown and compared in Fig. 7 . The base oil and the fully formulated lubricant-containing ZDDP had the highest friction compared to the other additive-containing oils with the base oil producing the higher friction response. The SO and TCP additive produced almost identical friction responses. Figure 8 highlights the wear scars of the QPQ samples when the different additives are used. When using the ZDDP-containing lubricant (Fig. 8a) , a patchy tribofilm is formed on the smooth nitrided surface of the sample. A different behaviour is observed when using the SO additive (Fig. 8b) , and abrasive wear is detected on the surface alongside the delamination of the oxide layer and wearing of the nitride surface. When using the TCP additive (Fig. 8c) , the presence of a patchy tribofilm is easily identified. Figure 9 highlights the wear depths of the pin samples showing that with the QPQ pins base oil produced the highest wear; however, when additives were used, the SO additive caused the higher wear penetration, followed by the ZDDP additive. The TCP additive had the greatest effect showing the lowest wear. When using the additives with the base oil, the wear depths never penetrated past the compound layer, whereas with the BO it did (> 15 µm). 
Wear Results
SEM-EDX Analysis
SEM-EDX was used to analyse the areas inside and outside the worn areas of the oxy-nitrided pin samples after the tribometer tests using the four lubricant variants. The analysis gives an indication whether a tribofilm has been formed on the worn surface and of its chemical composition. It essentially gives a suggestion of the interaction of the surface with the additives within the lubricant. With the ZDDP-containing lubricant, EDX (Fig. 10 ) shows a high presence of oxygen is on the unworn areas of the pin sample, which relates to the presence of a Fe 3 O 4 oxide layer. However, within the wear scar a significantly lower oxygen presence is detected most likely due the removal of the oxide layer during testing. Within the wear scar, a high concentration of iron and nitrogen is detected relating to the nitride layer exposed under the oxide layer. In comparison, a lower presence of sulphur and phosphorous is detected within the wear region; however, zinc is not identified. The EDX spectra of the worn area showed the presence of all elements. This indicated the possibility of the formation of a protective tribofilm, which will be confirmed using XPS which is a more surface-sensitive technique.
When using the SO additive (Fig. 11) , similar trends are observed to when using the ZDDP-containing lubricant (Fig. 10) . There are lower levels of oxygen detected with the worn area with the removal of the oxide layer. With the exposure of the nitride layer, a high presence of iron and nitrogen is detected. No presence of sulphur is clearly observed within the wear scar; however, an enriched presence is detected around the edges of the worn area. However, the EDX spectra identified all elements present within the worn area, and XPS will be used to confirm these findings. With the TCP additive (Fig. 12) , within the wear scar there is a high presence of nitrogen due to the exposure of the nitride layer after the removal of the oxide layer. Phosphorous and iron within the worn area are detected. However, there is a low visible presence of oxygen within the wear scar, but this is mostly likely due to the strong signal from the oxide layer outside the scar. In comparison, when using the ZDDP and SO additive it appears that there is a higher oxygen presence within the wear scar with the TCP additive.
XPS Analysis of the Worn Surfaces
To identify the chemical compounds present within the tribofilm and support the findings from SEM-EDX, a more surface-sensitive technique-XPS-was used. Using XPS to etch through the depth of the tribofilm, the results generally showed the formation of a relatively thin tribofilm with all additives. Table 3 and Figs. 13, 14, 15 highlight the key species formed on the worn surface of the QPQ sample when using different additives. Table 3 shows the species present at an etching depth of 1.34 nm, alongside confirming the presence of a tribofilm with all the additives in this study.
With the fully formulated oil (Fig. 13) which uses ZDDP as an EP additive, there is the formation of phosphates (~ 133.2 eV-P 2p) and FeS 2 (~ 706.8 eV-Fe 2p). When using the SO additive (Fig. 14) , the key species identified is FeS (~ 712.4 eV-Fe 2p) and iron oxides (~ 710.8 eV-Fe 2p). In comparison, there is no formation of phosphorous compounds due to the absence of phosphorous-containing additives. When using the TCP additive (Fig. 15) , the formation of FePO 4 (~ 712.4 eV-Fe 2p) is observed within the tribofilm alongside iron oxides (~ 710.8 eV-Fe 2p). Alternatively to the SO additive tests, no sulphur compounds are seen to form with TCP as there are no sulphur-containing additives present within the oil. With ZDDP and SO additives, nitrides (~ 397.6 eV) were detected within the tribofilm; however, with the TCP additive only organic material (~ 399 eV) was detected with the N 1s peaks.
Discussion
The tribological behaviour observed is due to the tribochemical interaction of the different additives with the modified surface. The following sections summarise this study's findings relating to the role chemical interactions in the friction and wear behaviour on the QPQ surfaces. 
Friction
As shown in Fig. 7 , the plain base oil gives the highest friction result compared to the other lubricants. This is most likely due to the absence of any tribological performancemodifying additives which could possibly improve the samples friction performance. However, with oil-containing additives, the fully formulated lubricant-containing ZDDP produced the largest friction values compared to the other additives as expected. This is a well-recorded phenomenon due to the formation of an anti-wear tribofilm which has an uneven, pad-like distribution separated by deep fissures (Fig. 16) . The roughness of these pads is usually orientated towards the direction of sliding, which is shown by the high friction coefficients in boundary conditions usually ranging from 0.11 to 0.14 [12] . The key difference between the tribofilm formed on the QPQ surface and an untreated sample was the formation of FeS 2 with the former sample, which was due to the presence of an oxide layer composed of Fe 3 O 4 [15] . When comparing the impact on friction behaviour of the SO and TCP additives in the final 30 min, the responses are almost identical. This may be due to the interaction of the additives with the inert and non-metallic compound layer [16, 17] , where wear was contained for all the additives used. Spikes [18] research demonstrated that the thickness of tribofilms formed was influenced by the elements present on the rubbing surfaces; the presence of an iron nitride (compound) layer with the QPQ samples would have impacted the tribochemical behaviour of the sample. The presence of the iron nitride layer instead of a nascent metal surface may have reduced reactivity and caused the formation of a relatively thin tribofilm or hindered the formation of key compounds which may have minimised the influence of the tribofilm on friction behaviour.
Khorramian et al. [13] states the lubricity of SO and TCP additives is due to their EP mechanisms. They found that sulphur-containing additives are most effective in severe operating conditions. In this study, the conditions may not have been severe enough to cause the SO additive to react with the less reactive/inert iron nitride surface to form significant amounts of FeS in this case to affect the friction response of the system [13, 16, 17] . This may explain the low friction behaviour initially observed when using SO additive until it rose to match that observed with the TCP additive. FeS is softer than the metal surface and acts as solid lubricant, which in high concentrations would make it effective in friction reduction.
It is believed that the TCP additive has minimal influence on friction behaviour. Typically the effect of anti-wear additives on friction response is expected to be minimal, as they are mainly used to protect surfaces from wear.
Wear
With the absence of additives in the lubricant to form a protective surface tribofilm, the experiments using base oil produced the highest wear results with wear reaching the diffusion zone (> 15 µm) past the compound zone known for its ceramic properties. The lamellar close packed ε-phase formed within the compound makes it difficult for metallic counterparts to adhere with, combined with easy sliding between planes helps to reduce friction [19] . The exposure of the diffusion zone with non-ceramic features would account for the high friction response observed. The wear when solely using BO was in some cases five times higher than when an extreme pressure additive was present. Even with the formation of relatively thin tribofilms with the different additives, their formation was extremely effective on the wear performance of the QPQ sample.
When using TCP which gave the lowest wear depths (Fig. 9) , FePO 4 is seen to form within the tribofilm alongside phosphates which improved the anti-wear behaviour of the sample. Ma et al. [11] believed due to the formation a thick and compact boundary lubrication film-containing FePO 4 and iron oxide, oxy-nitrided samples would have better anti-wear properties and load-carrying capacity as observed within this study. Guan et al. [20] believed that the mechanism of decomposition of TCP on an oxide layer involved a chemical mechanism of decomposition with an initial P=O bonding of intact TCP to the surface. This results in increased polarisation and activation of the P=O bond, followed by nucleophilic attack of residual H 2 O or When assessing the wear performance of the different additives, SO produced the largest wear. This is most likely due to the absence of a phosphate protective layer and the presence of soft FeS compounds within the tribofilm. This behaviour is also supported by Kawamura et al. [21] who state the crystal structure of the reaction products (FeS) when using SO would substantially affect the samples wear properties. Ma et al. [11] found that TCP additives were more effective on improving the anti-wear properties and load-carrying abilities of samples, whereas SO additives only tended to improve the samples load-carrying abilities.
The fully formulated oil-containing ZDDP had higher wear rates when compared to the TCP additive, even though ZDDP is described as being the most effective anti-wear additive. This behaviour is similar to that observed by Khorramian et al. [13] ; this is likely due to the presence of detergents and dispersants alongside ZDDP within the fully formulated oil. Several researchers [22] have observed the deterioration of ZDDP's anti-wear properties in the presence of metallic detergents. This is due to the competition between the two additives for surface sites, hence reducing the effective ZDDP surface concentration.
The presence of nitrides detected when using the SO and ZDDP additives may be due to the greater wear and exposure of the nitrided layer in comparison with using the other additives. The presence of organic species when using the TCP additive can be attributed to absorbed nitride complex [23] . It was important to determine whether the presence of a nitrided layer would enhance the effectiveness of the lubricant additive in reducing wear. Wen Yue [4] found that the effect of the additive ZDDP did not greatly enhance the wear reduction properties when used with a nitrided surface compared to a plain untreated sample as shown in Table 4 .
Conclusions
The lubricating characteristics and possible mechanisms of friction and wear reduction in selected extreme pressure additives widely used within industry and their interaction with oxy-nitrided surfaces were investigated. It was shown that the chemical compounds within the additive packages could impact the tribological and tribochemical behaviour of the nitrided layer. The presence of an iron nitride layer reduced reactivity in comparison with untreated steel samples; however, even with the formation of thin tribofilms the impact on friction and wear was significant. The following key conclusions were made:
1. When using base oil, the wear was significantly higher than with the presence of an extreme pressure additive in the lubricant. This study showed that the wear performance of nitrided surfaces can be greatly improved even with the formation of relatively thin tribofilms due to the presence of additives. 2. Compared to other lubricants, the fully formulated oilcontaining ZDDP produced high friction and wear due to the roughness of the pads forming the tribofilm. The presence of detergent within the oil reduces the effectiveness of ZDDP's anti-wear properties; hence, it performs worse than the TCP additive. 3. The friction reduction effect of SO was minimal due to its limited interaction with the inert/ceramic compound layer. This reduced reactivity between the oil additives and the worn surface to produce critical compounds such as FeS which could affect friction behaviour. 4. TCP had no real impact on friction behaviour in comparison with BO; however, it showed the best anti-wear properties and increased load-carrying capability due the presence of FePO 4 and iron oxide within the tribofilm. The presence of an oxide layer enhanced the reactivity of the surface with the additive. 5. The greater the exposure of the nitrided layer with larger wear depths, the more likely the nitrides instead of organic species are detected, as seen when using the SO-and ZDDP-containing lubricants. 6. The study showed that even with the reduced reactivity of the compound layer, additives can impact the tribological properties of a nitrided surface. Future work can be used to focus on optimising friction behaviour using friction modifiers or other alternative additives.
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